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Abstract: Highly stretchable elastomeric multiwall carbon nanotubes – poly (glycerol
sebacate) (MWCNT-PGS) nanocomposites were prepared by mixing conductive multiwall
carbon nanotubes (MWCNTs) with PGS prepolymer and curing at 120 ºC. The incorporation
of conductive filler increases the matrix crosslinking density and mechanical stiffness
without loss of the flexibility and elasticity of the polymeric network with low mechanical
hysteresis behaviour. The percolation threshold for the electrical conductivity was found to
be ~1 wt.% of MWCNTs. The piezoresistive behaviour of the prepared samples shows a
negative gauge factor (GF) between -0.5 and -0.8 under uniaxial tensile stress, probably due
to geometrical factors, whilst under 3-point bending the calculated GF values were positive
and a maximum GF = 63 was achieved for the samples with 2 wt.% MWCNTs. Overall, the
unique property combination between the MWCNTs and the PGS make them potentially
suitable for the development of large deformation piezoresistive sensors, especially for
biomedical engineering applications, flexible and wearable devices.
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1. Introduction
Recently, wearable multifunctional human-friendly devices [1, 2] were designed with
highly stretchable and flexible electric materials, making it possible to monitor human
motions for medical [3], physical [4] and other potential applications [5].
To develop suitable materials for the aforementioned purposes, one strategy is to design
and fabricate novel structures or combination with the currently established materials.
Khang et al. [6] designed a structure with microscale, periodic and wavy silicon on the
rubber substrate. Large tensile and compressive strain could be applied on the structure
without much substantial strain on the silicon. Kim et al. [7] fabricated stretchable silicon
circuit with wave-like structure on plastic and elastomeric substrates.
Another approach is to utilise different materials to assemble into devices. Different
types of materials have been reported for flexible sensors applications. Gullapalli et al. [8]
embedded zinc oxide particles into cellulose fibres by a solvothermal method for flexible
strain sensor applications. Poly(dimethyl siloxane) (PDMS) is widely used for the fabrication
of stretchable strain sensors by adding different conductive fillers, e.g. silver nanowires [9],
carbon black particles [10], carbon nanotubes [11] or graphene layers [12], with a maximum
strain between 50 up to 280 %, and capable to detect and monitor human motion.
Carbon nanotubes (CNTs) have outstanding mechanical, thermal, electrical properties,
and are one of the most used fillers not only to improve the mechanical properties but also
to induce electrical conductivity to insulator polymeric matrix [13]. CNT dispersion into the
polymeric matrix plays an important role in nanocomposites mechanical and electrical
behaviour and is one of the most studied topics in order to enhance the overall physical and
chemical properties of the materials. Different techniques are used to obtain a
homogeneous dispersity of the filler, including treatment with chemical solvents (ethanol,
2
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xylene, etc.) [14]; mechanical mixing, plasma treatment and ultra-sonication [15], being the
last one applied with more success to separate the carbon bundles and reducing cluster size,
promoting the better CNT dispersion, reducing the percolation threshold, and consequently
achieve an enhanced electrical and mechanical properties of the polymer based
nanocomposites [15, 16].
Poly (glycerol sebacate) (PGS) is a tough biodegradable elastomer which was first
reported by Wang et al. [17]. PGS is synthesised by a two-step poly-condensation of glycerol
and sebacic acid, which are inexpensive, in-vivo safe and approved for medical applications
by US Food and Drug Administration [18]. Controlling the curing time, temperature and
other parameters during synthesis, its mechanical properties and degradation kinetic can be
tailored [19]. Nanocomposites MWCNT-PGS were prepared by Gaharwar et al. [20], and it
was found that the addition of the filler increases the overall mechanical stiffness without
compromise of the elasticity of the polymeric PGS matrix, especially under compressive
mechanical load. Nevertheless, no electrical characterization was reported and the electrical
conductivity behaviour of those materials is unknown. In this work, MWCNT-PGS
composites with different conductive filler concentrations were prepared by solvent casting
method. Firstly, PGS pre-polymer was synthesised by a two-step poly-condensation of
glycerol and sebacic acid. After, different concentrations of MWCNTs were added to the
prepolymer, and cured at 120ºC for 48 h. The effect of the carbon nanofiller in the polymer
morphology was characterised by scanning electron microscopy, and dynamic and quasistatic mechanical properties were evaluated. The electrical properties of the
nanocomposites were systematically addressed as well as the electromechanical
performance through the calculation of the samples gauge factor (GF). The material
fundamental properties were discussed and the relationship between the processing
3
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method and sample mechanical and electrical properties were discussed, as well as its
potential for use in large strain sensor applications.

2. Experimental
2.1. Materials and processing
MWCNT-PGS composites were synthesised according to the published methods [17, 20].
Equimolar of glycerol (Sigma-Aldrich Australia) and sebacic acid (Sigma-Aldrich Australia)
were mixed at 120 °C under argon for 24 h to prepare pre-polymer for further treatment.
Pre-polymer was poured into a Teflon mould and cured at 120 °C for 48 h under a 100
mTorr vacuum.
Nanocomposite films were prepared by dispersing the desired amount of multiwall
carbon nanotubes (Play with carbon, Australia) in tetrahydrofuran (THF, Sigma Australia)
solution with the help of an ultrasound bath (Bandelin, Sonorex Super RK106) for 2h. After
dispersion, the pre-polymer was added to the solution and stirred at room temperature
until complete dissolution. The relation of pre-polymer to THF was 1 g to 5.5 mL,
respectively. The amount of MWCNT presented in the solution was selected to result in
concentration between 0 to 3 wt.% of filler presented in the PGS matrix. After complete
dissolution, the solution was poured into a clean Teflon mould and solvent evaporation was
performed overnight at room temperature. Highly flexible films were obtained by curing the
pre-polymer in the conditions stated above (vacuum oven at 100 mTorr, for 48 h).

2.2. Sample morphology
The MWCNT-PGS samples were fractured after immersion into liquid nitrogen for 30 min.
The platinum coatings were deposited on the cross-section of the samples by Dynavac
4
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Sputter Coater with the thickness of around 10 nm. After 24 h in the desiccator, the images
of the cross-section were taken by JEOL 7500 field emission SEM.
2.3. Mechanical properties
The PGS and MWCNT-PGS samples were cut into dog bone shape of 2 mm wide and 18
mm for gauge length, and a thickness of 1 mm. Quasi-static tensile tests and cyclic tensile
tests were performed with a Shimadzu EZ-L mechanical tester (10 N load cell). For single
tensile tests, stroke speed was set as 1 mm/min, at room temperature (~22 °C). Mechanical
cyclic experiments were performed in the same experimental conditions as quasi-static test,
until a maximum strain of 5, 10 and 20 %, for 10 cycles, at a stroke speed of 1 mm/min.
2.4. Electrical conductivity
Sample electrical resistance was calculated from the slope of the I-V curves measured
with an automated picoammeter/voltage source (Keithley 487). The I-V data were collected
in a 1 mm thick sample between 6 mm diameter gold contacts, previously deposited with
the Dynavac Sputter Coater. The applied voltage ranged between -20 and +20 V, and the
volume resistivity (𝜌) of the sample was calculated through Eq. (1):

𝜌=

𝑅𝑅

(1)

𝑡

where 𝑅, 𝐴 and 𝑡, are the measured sample electrical resistance, electrode area and sample
1

thickness, respectively. The electrical conductivity (𝜎) was calculated from 𝜎 = 𝜌. At least

three measurements were performed for each sample.
2.6. Electromechanical characterisation

The samples for sensor application were cut into rectangle shape with the size of 40 mm
x 8 mm x 1 mm. Electromechanical experiments were performed by measuring the electrical
resistance of the sample through metallic contacts placed on the surface of the sample, with
5
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an Agilent 34410A multimeter during the mechanical measurement of the sample, following
the method described elsewhere [14] in a Shimadzu EZ-L (10 N load cell). Two different
mechanical solicitations were applied to the samples. In the denominated method 1, the
samples were placed between the clamps and submitted to a tensile load without and with
a pre-strain (5, 10 and 20 % deformation). The evaluation of the piezoresistive response
during the uniaxial stress tests was performed at different stroke rates (20, 30, 40 and 50
mm/min) and strain levels between 1 to 50 %. The influence of the pre-strain was studied by
applying a pre-strain of 5, 10 and 20 % to the samples, and the mechanical experiment was
performed at a fixed stroke speed of 40 mm/min. In the method 2, the samples were
submitted to 3-point bending measurements, where the samples were fixed to the surface
of a polypropylene strip (thickness of 1 mm). Gold electrodes with an area of 6 mm x 1 mm
were placed at the surface of the samples and a displacement of 1 mm was applied to the
sample. For all the electromechanical experiments, 10 loading-unloading cycles were
performed at room temperature, and the average electromechanical response was
evaluated.
Variations of the electrical resistance due to the mechanical load were quantitatively
evaluated by the gauge factor (GF), defined as Eq. (2):

𝐺𝐺 =

𝜕𝜕�
𝑅0
𝜕𝜕�
𝑙0

(2)

where 𝑅0 is the sample electrical resistance without mechanical deformation, and 𝜕𝜕 is the

resistance change promoted by the change in sample length 𝜕𝜕 from the original length l0.

GF can also be expressed as Eq. (3):

𝐺𝐺 =

𝜕𝜕�
𝑅0
𝜀𝑙

=

𝜕𝜕�
𝜌0
𝜀𝑙

6

+ 1 + 2𝜈

(3)
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where 𝜀𝑙 = 𝜕𝜕�𝑙 (strain), and 𝜈 is the material Poisson’s ratio. Eq. (3) shows that the GF has
0

𝜕𝜕�
𝜌0
)
𝜀𝑙

a contribution from the intrinsic piezoresistivity (
effect (1 + 2𝜈) [21].

and the other from a geometrical

For uniaxial tensile experiments (method 1), Eq. (2) was used to evaluate the GF, while

for the 3-point bending measurements (method 2), the strain was calculated from the
theory of a pure bending of plates, valid between the inner loading points [22], in Eq. (4):

ε=

6𝐷𝐷
𝐿2

(4)

where 𝐷 is the displacement of the cross-head, 𝑑 is the thickness of the strip and sample, L
is the distance between the supporting rods.

3. Results and discussion
3.1 Sample morphology and MWCNT distribution
The characteristics SEM micrographs obtained for the neat PGS and MWCNT-PGS with
different amounts of fillers are presented in Figure 1. The cross-section of the PGS is quite
smooth without the presence of pores (Figure 1). It was observed that the MWCNTs are
randomly distributed among the polymer matrix, and the absence of big clusters was
noticed even for higher filler concentrations, which suggests that the dispersion method and
the conditions used promote an efficient distribution of the conductive filler among the
polymer matrix were suitable.
Figure 1
3.2 Mechanical properties
Representative quasi-static stress-strain curves for the PGS nanocomposites are
presented in Figure 2. The PGS samples show a characteristic elastomeric behaviour, and an
7
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increase of the maximum stress was observed with increasing the amount of MWCNTs
presented in the composite samples.
Figure 2
The improvement of the mechanical properties with the filler content suggests that the
filler is probably covalently crosslinked to the PGS polymer chains. In the special case of the
elastomeric materials, the crosslinking density (𝑛) is related to the elastic modulus (𝐸)
through [23] Eq. (5):
𝐸 = 3𝑅𝑅𝑅

(5)

where 𝑅 is the universal gas constant and 𝑇 is the absolute temperature, and the obtained

results are presented in Table 1. The crosslinking density of pure PGS is 11 ± 1 mol/m3, a

value in the range reported by Chen et al. [24]. The addition of MWCNTs results in a more
than two-fold increase of the cross-linking density for the sample with 1 wt.% MWCNTs (30
± 1 mol/m3) and more than nine-fold for the sample with 3 wt.% filler added to the polymer
matrix (Table 1). Nevertheless, the increase of filler content above 1 wt.% in the polymeric
matrix results in a decrease in the total elongation of the nanocomposites. Pure PGS shows
an ultimate strain of 219 ± 8 %, and similar result was obtained for the sample with 1 wt.%
MWCNTs. The incorporation of higher amounts of MWCNTs reduce the nanocomposites
maximum elongation down to 119 ± 13 % for the sample with 3 wt.% filler. Such behaviour
is expected due to the increase of the crosslinking density with the addition of the filler to
PGS matrix.
Gaharwar et al. [20] reported that there is a decrease of the maximum elongation of the
nanocomposites samples with the increase of MWCNTs presented in the PGS sample due to
the increase of polymer crosslinking density promoted by the filler. However, the
8
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mechanical properties presented by samples prepared in this work shows, in general and
improved behaviour, with similar Young’s modulus when compared to samples prepared
elsewhere [20, 24], but with higher total strain and ultimate stress. It was reported that
increasing polymer cure temperature leads to an increase of the 𝐸 and maximum stress, but
the deformation at break decreases, probably due to the increase of crosslinking density of
the polymer matrix.

Table 1 – Mechanical properties and degree of crosslinking for PGS and composite
samples with different MWCNT amounts.
MWCNT

Ultimate

Ultimate stress

Young’s

Crosslinking

amount

strain (%)

(kPa)

modulus (kPa)

density (mol/m3)

(wt.%)
0

219 ± 8

175 ± 11

88 ± 9

11 ± 1

1

233 ± 25

516 ± 74

216 ± 13

30 ± 1

2

134 ± 8

645 ± 51

434 ± 39

65 ± 5

3

119 ± 13

893 ± 102

764 ± 44

101 ± 4

The PGS nanocomposite samples, with different amounts of MWCNTs, were submitted
to cyclic stress-strain experiments at different deformations: 5, 10 and 20 %, and the
characteristic loading-unloading stress-strain curves for cycle number 10 are presented in
Figure 3. Neat PGS matrix stress unloading follows almost the same path of the loading
stress, which suggests that for the applied deformation conditions, the polymer chains are
flexible enough to change their configuration when stretched (Figure 3a). Such behaviour is
characteristic of “perfect” elastomeric materials like α-elastin prepared from bovine
9
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ligamentum nuchae [25]. For nanocomposite samples, it was observed that the mechanical
stress during the unloading does not follow the loading curve, and a mechanical energy loss
was possible to observe (Figure 3b).
The effect of the MWCNTs on the energy absorbed by the polymeric network during the
mechanical loading-unloading cycles was evaluated (Figure 3c). Pure PGS shows an energy
absorption of 0.07 ± 0.005 kJ/m3 after the 10th cycle and for a deformation of 5 %, while the
nanocomposite sample with 3 wt.% of filler presents an energy loss of 0.176 ± 0.016 kJ/m3.
The energy loss after the 10th cycle for the different strains applied reveals that for all of the
samples, the energy loss increases with the amount of the strain applied, and with the
concentration of filler presented in the polymeric matrix (Figure 3d). It was observed in
Figure 3c that the sample stiffness increases with the amount of carbon nanotubes added to
the PGS, probably due to the load transfer efficiency within the crosslinked network. The
increase of the crosslinking density in the PGS nanocomposite samples increases the
number of rigid regions presented among the matrix and for the applied cyclic stress
conditions, these regions require more energy to follow the mechanical deformation and
during the loading-unloading of the mechanical solicitation, there is a loss of energy,
probably in form of heat. Nevertheless, the amount of energy loss in any of the samples is
lower, which shows the potential of these materials for large strain applications, without
losing significantly their mechanical performance.
Figure 3
3.3. Electrical and electromechanical behaviour
MWCNTs-PGS nanocomposites electrical resistance was measured by two-point method.
The electrical conductivity of PGS polymer and MWCNT-PGS nanocomposites are presented
in Figure 4. It was observed that the conductivity increases with the increase of filler content
10
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present in the polymer matrix, especially for concentration above 1 wt.%, where, probably a
continuous carbon nanotube network is available to promote the electrical conductive path
for the electron charges. The results obtained show that the rise of the electrical
conductivity occurs in a smooth fashion, rather than in a sharp way as the percolation
theory envisages. This behaviour can be attributed to an enhanced distribution of the
MWCNTs among the polymer matrix (Figure 1). An inflection point of the conductivity curve
can be observed around 1 wt.%, and this is considered to estimate the percolation threshold
[26]. The percolation threshold found for these samples is in the range reported for other
MWCNT-polymer systems [14].
Nanocomposites with a filler concentration near the percolation threshold, in general
have a greater electrical resistance variation and consequently higher gauge factor (GF) [27],
but the small amount of conductive filler presented in those samples hinders their use for
large strain applications, due to the strong drop of conductivity that arises from the higher
deformation, promoted by the destruction of the conductive path, and consequently only
deformation as high as 5 % can be applied [28]. For large strain sensors, conductive filler
concentration above the percolation threshold are required in order to undergo
deformations as higher as 50 %, without destroying the conductive path promoted by the
carbon nanotubes and a linear variation of the electrical resistance with values compatible
with strain sensors can be achieved [27, 28].
Figure 4
The electromechanical performance of the MWCNT-PGS samples with 2 and 3 wt.%
conductive fillers was examined under uniaxial tensile stress and in 3-point bending
experiments. Firstly, uniaxial testing was performed at different stroke speeds, without any
pre-strain applied to the sample, and the GF evolution was determined by the variation of
11
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the electrical resistance of the samples during the loading and unloading cycles (Figure 5a
and b), according to Eq. (2). For the mechanical conditions tested, it was observed that the
MWCNT-PGS samples follow in a linear fashion the applied mechanical solicitation, both
during the loading and unloading cycles (Figure 5a and b), which suggests an excellent
electromechanical response for the prepared samples. It was also observed that these
materials have a small mechanical hysteresis (Figure 3), demonstrating good reliability and
stability, making them outstanding candidates for high deformation strain sensors. Further,
it is possible to observe that when the material is stretched, the electrical resistance
decreases and according to Eq. (2), where the slope of

𝑅−𝑅0
𝑅0

~𝜀 determines the GF of the

samples. A negative slope was obtained for the samples with 2 and 3 wt.% MWCNTs, which

is an unusual characteristic for polymeric nanocomposites based in carbonaceous materials
[14, 26, 29]. Negative GF values (-4.9) were found by Lu et al. [5] for the carbon black doped
poly (dimethylsiloxane) (PDMS) and such behaviour was attributed to the Poisson’s effect,
where lateral contraction occurs in conjunction with longitudinal elongation. Graphene was
deposited on the surface of pre-stretched PDMS films by Wang et al. [30]. In their work,
they reported a GF value of ~-2, and this behaviour was attributed to the buckling effect
promoted by the pre-strain applied to the polymer substrate during the graphene transfer.
In the case of the MWCNT-PGS samples, the negative GF values found are probably related
to the Poisson’s ratio effect. When the sample is stretched, the length of the sample
increases in the longitudinal direction, but a reduction of thickness and width occurs,
leading to a decrease of the perpendicular area. While the distance between the MWCNTs
in the stretching direction increases, making more difficult for the electrons to find a
conductive path along the filler network, and expecting to lead to an increase of sample
electrical resistance. Nevertheless, the decrease of the cross section area, perpendicular to
12
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the mechanical load, probably promotes new pathways for the electrons to move along the
conductive filler, increasing the tunnelling effect and leading to a decrease of the electrical
resistance. The overall GF values observed for the MWCNT-PGS samples are probably a
result of the competition between this two effects.
The effect of the strain rate on the GF was characterised by submitting the
nanocomposite samples, without pre-stretch to different mechanical solicitations, for a total
strain of 50 % (Figure 5c). It was observed that the GF changes from a value of ~-0.6 down to
-0.8 for the sample with 2 wt.% MWCNTs, while the sample with higher filler content
presents a similar GF value, around -0.8, independently of the stroke speed applied (Figure
5c). The effect of the pre-strain applied to the piezoresistive samples was also evaluated
(Figure 5d), and it was observed that the increase of pre-strain leads to an increase of the
GF value form ~-0.8 up to -0.5, for a 10 % pre-strain, remaining constant for higher predeformation of the sample. It was interesting to observe that both samples (with 2 and 3 wt.%
MWCNTs) present similar trend, which is a suggestion that the negative GF values found for
this samples are due to the Poisson’s effect.
Figure 5
The characteristic results obtained for the 3-point bending experiments are presented in
Figure 6, where 10 mechanical loading-unloading cycles are shown for the samples with 2
and 3 wt.% of MWCNTs. The variation of samples electrical resistance follows the
mechanical deformation over time. In this method, the applied stress is parallel to the crosssection of the sample, rather than normal as in the case of the method 1 of the uniaxial
tensile experiments. In the 3-bending mode there is a non-uniform stress and strain
distribution along the cross-section, which is higher at the outer surfaces of the specimen;

13
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being the surface where the load is applied in a compressive state and in the tensile mode
at the opposite surface.
The evolution of the GF obtained for the composite samples with 2 and 3 wt.%
conductive fillers at different stroke speeds is presented in Figure 6c. It was observed that
the sample with 3 wt.% MWCNTs presents a GF around 5 for small stroke speed, increasing
up to 13 for a stroke rate of 3 mm·min-1, and decreasing again until a minimum of GF = 5 for
higher mechanical strain rates. For the sample with 2 wt.% conductive filler the observed GF
values are higher than the ones obtained for the more conductive sample, while the GF
evolution trend at the different stroke speeds is similar. Values of GF between 16 and 63
were obtained, being the maximum gauge factor obtained at a 3 mm.min-1 deformation
speed. The difference observed for the GF values between the samples could be explained
by percolation threshold theory, where the sample with 2 wt.% is near the percolation
threshold (~1 wt.%) of the piezoresistive material (Figure 3), and it is known that this is the
region where small deformations lead to the highest change in the sample electrical
resistance [27], increasing the overall GF of the samples.
It is interesting to observe that the GF values found for the 3 point-bending method are
positive, when compared to the negative ones calculated for the samples submitted to the
uniaxial stretching deformation (Figure 5). It was reported that the GF values are a
contribution of two effects: (1) the intrinsic piezoresistive effect and (2) the geometric
variation effect. In elastomeric materials, GF values up to ~2 are mostly due to the
geometrical contributions, as observed for the samples submitted to the uniaxial tensile
stress, while the larger GF values are due to electrical resistance variation of the network
conductive fillers established in the nanocomposite samples and therefore to intrinsic
contributions.
14
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Figure 6

4. Conclusions
Highly stretchable elastomeric MWCNT-PGS nanocomposites were processed, firstly by
synthesising the PGS pre-polymer and after mixing the conductive filler and curing the
samples at 120 °C. Nanocomposite materials mechanical and electrical properties are
influenced by the amount of conductive filler added to the polymer matrix. The addition of 3
wt.% MWCNTs results in a nine-fold increase in Young’s modulus, accompanied by a 50%
decrease of the strain at break. PGS sample shows the “perfect” elastomeric behaviour
under cyclic uniaxial tensile stress, while the amount of energy loss increases with the
nanofillers concentration and maximum strain applied. The addition of filler to the
polymeric elastomer leads to an increase of the crosslinking density and electrical
conductivity, with a percolation threshold around 1 wt.% MWCNTs concentration, under the
given experimental conditions. The piezoresistive behaviour of the prepared samples shows
a negative gauge factor -0.5 > GF > -0.8 during uniaxial tensile stress, probably due to
geometrical factors, whilst under 3 point-bending the GF values found are positive and up to
63, for the sample near the percolation threshold.
Overall, the unique property combinations between the MWCNTs and the PGS make
them potentially suitable for the development of large deformation piezoresistive sensors,
especially for biomedical engineering applications.
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Figure 4

Figure 5
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Figure 6

Table 1 MWCNT

Ultimate

Ultimate stress

Young’s

Crosslinking

amount

strain (%)

(kPa)

modulus (kPa)

density (mol/m3)

(wt.%)
0

219 ± 8

175 ± 11

88 ± 9

11 ± 1

1

233 ± 25

516 ± 74

216 ± 13

30 ± 1

2

134 ± 8

645 ± 51

434 ± 39

65 ± 5

3

119 ± 13

893 ± 102

764 ± 44

101 ± 4
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